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Abstract
Endothelial cells show an unexpected behavior shortly after the onset of laminar flow:
their crawling speed decreases -40%'within the first 30 min, but only in a confluent monolayer
of endothelial cells, not in subconfluent cultures, where cell-cell interactions are limited. This led
us to study early shear effects on cell-cell adherens junctions. We found a 30±6% increase in the
number of VE-cadherin molecules in the junctions. The strength of interactions of endothelial
cells with surfaces coated with recombinant VE-cadherin protein also increased after laminar
flow. These observations suggest that endothelial cell junction proteins respond to flow onset.
The process of clustering may induce diffusion of monomers to the junction area, resulting in an
overall increase in VE-cadherins in the junctions. To directly confirm the role of adherens
junctions in the decrease in cell crawling speed, we used siRNA-knockdown technique to
produce cells lacking VE-cadherin. These cells showed no decline in crawling speed under flow.
Our interpretation is consistent with previous data on junction disassembly 8 hr after flow
onset. The speed of endothelial cell crawling returns to the original level by that time, and
junctional disassembly may explain that phenomenon.
In order to understand better the change in VE-cadherin distribution under flow and
during junction formation and remodelling, we developed a mathematical model of VE-cadherin
redistribution in endothelial cells. This model allowed us to develop a quantitative framework for
analysis of VE-cadherin redistribution and estimate the amount of protein in the junctions and on
the apical surface. In addition to that, the model explains rapid junction disassembly in the
leukocyte transmigration and junction formation in subconfluent cells.
These studies show that intercellular adhesion molecules are important in the force
transmission and shear stress response. Their role, however, is not limited to flow
mechanotransduction. Intercellular force transmission has an important application - organ
development and, specifically, angiogenesis. We studied the role of VE-cadherin in vessel
development in HUVECs and showed that VE-cadherin-null cells do not form vessels in the in
vitro assay. This observation confirms the important role of intercellular force transmission in
response to external force caused by flow or exerted by other cells.
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Chapter I Introduction and Background
1.1 Introduction
Mechanotransduction in endothelial cells in response to fluid flow has grown to
a large area from the early 1980s, when qualitative effects of flow on endothelial cell
morphology were studied. Two decades later, scientists obtained a number of new
results and theories, trying to put together a complicated meshwork of pathways in
flow-induced mechanotransduction. However, the question remains unanswered: how
a physical force, shear stress, induces biochemical chain of reactions in the endothelial
cells. The answer to this fundamental question will not only give a general
understanding of basic cell processes, but also help us understand underlying causes of
such diseases as atherosclerosis and thrombosis, leukocyte migration and more.
In this work, I will address this fundamental question on the very top of the
pathways - mechanotransduction-initiating events. In my Master Thesis, I observed an
unexpected phenomenon - the rapid drop of cell speed under flow in endothelial cells
from three different species: bovine aortic endothelial cells (BAEC), human umbilical
vein endothelial cells (HUVEC), and mouse endothelial cells isolated from heart
(MHEC). It occurred only in the confluent monolayer, indicating that cell-cell
interactions may play a significant role in flow response.
This PhD Thesis will explore cell-cell adhesive interactions in
mechanotransduction more deeply and focus on early events following flow onset.
After that, it will explore further the role of adherens junctions in force transmission in
the vessel formation process.
I conducted a number of experiments to understand the role of the major junction-
forming protein - VE-cadherin in mechanotransduction. The results show that VE-
cadherins are actively involved in mechanotransduction. Unlike what was thought
before, they not only provide physical support, but also participate in the cellular
response to flow. VE-cadherins strengthen the junctions following flow onset and
cause cellular crawling speed to drop after 30 min of flow. This rapid response shows
that intercellular junctions may play a role in the mechanotransduction that is
comparable to that of focal adhesions: they may transduce shear stress to chemical
signals and alter the strength of interactions.
In order to explain molecular mechanisms underlying rapid remodeling of
adherens junctions, I propose a theory of distribution of VE-cadherins due to three
major processes: apical diffusion, internalization and exocytosis. The mathematical
model based on this theory showed consistency with experimental results and allowed
us to predict the impact of each mechanism in the VE-cadherin redistribution
processes.
Understanding of the importance that VE-cadherins play in intercellular
connections force transmission led us to investigate the role of VE-cadherins in
angiogenesis in vitro.
We developed siRNA against VE-cadherin and found that VE-cadherin-null
cells do not form vessels. This observation indicates that intercellular force
transmission is an important component of cell physiology and that intercellular
stresses may be necessary to form vessels.
1.2 Background
1.2.1 Endothelial Cell Response to Flow
Endothelial cells (EC) participate in a number of unique processes in the
organism; they produce antithrombogenic factors (such as NO) preventing platelet
adhesion (Anderson, 2003), their normal functioning is necessary for prevention of
atherosclerosis development (Gimbrone, 1989), and they mediate leukocyte and
neutrophil transmigration (Luscinskas et al., 2002). Endothelial cells are the border of
separation between blood and body; they not only physically protect tissubs but also
are actively conditioned by continuous fluid forces. In vitro, EC actively adjust to
changing flow conditions - they are aligned, torpedo-shaped in normal, laminar flow
areas, and non-aligned, polygonal in low-stress, altered flow areas. The latter pattern
was shown to correlate with areas of atherosclerosis development (Dewey, 1984),
(Nerem et al., 1981). However, in this study we are primarily interested in modeling
processes in vitro, we do realize that in vivo cell speeds and proliferation are different
and we may not use the same model to predict results in vivo directly.
To understand primary molecular mechanisms underlying macroscopic cellular
remodeling has been a challenging task for a large number of researchers. Current
knowledge is summarized in review works (Fisher et al., 2001; Girard and Nerem,
1995; Malek and Izumo, 1995; McGrath et al., 1998; Ridley et al., 2003; Stamatas and
McIntire, 2001; Tardy et al., 1997; Traub and Berk, 1998). In spite of the large number
of works, it is still unknown how physical force (shear stress) induces biochemical
cascades of phosphorylation in endothelial cells.
The currently known effects of shear flow are summarized in Fig. 1.
This diagram shows the time scale of mechanotransduction events in response to
fluid flow onset. The most studied events are long-term phosphorylation and
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Fig. 1. Timescale of endothelial cell monolayer response to flow.
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phosphorylation.
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mechanotransduction cascades are still in the early stage. The next section
reviews knowledge of possible mechanisms of early mechanotransduction.
1.2.2 Possible Mechanisms of Signal Transmission
A number of different mechanisms of mechanotransduction/
mechanotransmission have been proposed. The most studied is focal adhesion
mediated mechanotransduction via cell-matrix adhesion protein integrin (Shyy and
Chien, 1997). Shear stress is transmitted from the apical surface through the
cytoskeleton to the basal surface and activates proteins in the focal adhesions initiating
mechanotransduction. Thus, physical force is converted to chemical signaling -
phosphorylation. Paxillin is likely one of the first proteins in the phosphorylation chain
(Han et al., 2001). This chain leads to N-terminal Jun Kinase (JNK) and Extracellular
Signal-regulated Kinase (ERK) activation with maximum at 5 min for JNK and 30 min
to 4 hr for ERK (Jo et al., 1997).
Another possibility is that fluid flow produces physical stress on cell-cell junctions,
deforms them and activates intercellular complex proteins - cadherins or associated
proteins, and then triggers mechanotransduction (Schnittler, 1998). In 1987 the
hypothesis was proposed that differential forces between cells caused by turbulence
can influence cell division and more (Dewey et al., 1987). Shear stress may change
cell-cell interaction strength via remodeling of adherens junctions (AJ) (See Fig. 2).
Some experimental observations of flow effects support this idea: a rapid increase in
transendothelial resistance (Seebach et al., 2000), [Natacha DePaola, private
Adherens Junctiotns
Figure 2. Mechanotransduction via AJ and FA. Shear stress is applied to the apical
surface of the endothelial cells and then is transmitted through the cytoskeleton to
the basal surface focal adhesions (FA) or to the intercellular connectons adherens
junctions (AJ).
communications]; a drop in cell motility (Rabodzey 2003); a Ca 2+ increase
(Helmlinger et al., 1995) and remodeling of cell-cell junctions (Noria et al., 1999).
The question remains - is junction remodeling a cause or effect of
mechanotransduction? That is, does mechanotransmission cause effects that alter
cadherin dynamics and interaction forces; or does shear stress cause changes in the
distribution of cadherins, which is associated with the beginning of the
mechanotransduction cascade? One of the possible rapid effects of shear stress may be
change in Ca2+ level (Shen et al., 1992). Ko and colleagues (Ko et al., 2001) showed
that force application to cadherins activates stretch-sensitive Ca2+ -permeable
channels, which in turn change Ca 2+ level and induce actin depolymerization.
In parallel to phosphorylation cascades, Ca2+ release, activation of
mechanosensitive ion channels (Ghazi et al., 1998), caveolae (Park et al., 1998; Rizzo
et al., 1998), ERM (ezrin/radixin/moesin) proteins located on the cell surface (Louvet-
Vallee, 2000), and more (Traub and Berk, 1998) may play a role in
mechanotransduction in EC. However, the evidence for these pathways remains
circumstantial.
1.2.3 Experimental Evidence for Cell-cell Interaction Involvement in
Shear Stress Response
There are not many experiments on flow effect on cell-cell junctions. One of
the reasons is that, historically, researchers' primary interest was in epithelial cells' E-
cadherins. One of the major works studying endothelial cells was published by Noria
and colleagues in 1999 (Noria et al., 1999). In this work, the authors observed cell-cell
junctions under flow and found a decrease in VE-cad and catenins 5 hr after flow
onset. However, Albuquerque et al (Albuquerque and Flozak, 2002) subsequently
showed that VE-cad increases in preconditioned by flow cell monolayers and Miao et
al (Miao et al., 2005), (personal communication) observed no change in VE-cadherin
under flow. All of these works looked at time scales >5 hr after flow onset. I observed
a decrease in endothelial cell crawling speed in monolayer in three types of cells
(HUVEC, BAEC, MHEC) within 30 min after flow onset, reaching -60% of original
value and recovering to baseline after 6-8 hr (Rabodzey 2003). This implies that by the
time of other authors' observations of junction dissolution, cells in our experiments
show almost normal crawling speed and thus our result do not contradict those
observations.
We propose, however, that cell-cell interactions increase within the first 30 min
after laminar flow onset and then junctions may start to disassemble by different
adaptive mechanisms with a longer timeframe. The major experimental proof that cell-
cell adhesion proteins respond to shear stress was the report by N. Resnick and
colleagues in their work (Shay-Salit et al., 2002) where measurements of VE-cad, a,p-
catenin, VEGFR 2 and their association in the soluble and insoluble fractions were
measured within a period of one hour after flow onset. While the results did not show a
significant upregulation of AJ - associated proteins, the data revealed a striking change
in p-catenin - VE-cad association within 5 min after flow onset and suggested that its
role in cell-cell interactions changes. Association is transient and fades rapidly. Our
results are in accordance with transendothelial resistance (TR) experiment results
obtained by Natacha DePaola (Phelps and DePaola, 2000), (private communication),
which showed rapid TR increase in the same timescale with slower decrease later (see
Fig. 3). These results show that significant remodeling processes occur shortly after
flow onset, dramatically affecting cell motility. A recent work by Maria Luiza
Albuquerque (Albuquerque and Flozak, 2002) showed that VE-cadherin expression
increases after 3 hr under flow, in contrast with results obtained by Noria et al. This
directly supports our hypothesis showing that cells actively withstand flow increasing
their intercellular association strength at least during the first hours after flow onset.
Meanwhile Albuquerque looked at the edge of a wounded endothelial monolayer and
found cell migration under flow to increase. This result may not be applied to our
experimental system, as in our study we look at a confluent monolayer.
Cell motility dependence on cell-cell interactions was studied by Underwood and
colleagues in 2002 (Underwood et al., 2002) and it was shown to correlate with cell-
cell adhesion. To exclude the possibility of other processes being involved, I repeated
the same experiment for subconfluent cells and saw no change in speed. Thus cell-cell
interaction strength increase is the primary candidate for the EC motility drop.
These results show that, on the different timescales, different processes play a
major role in cell-
... cell interaction
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Figure 3. Transendothelial resistance change under flow. interaction area
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* Lateral diffusion of VE-cadherin molecules from cell surface to the junctions
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* Restructuring of existing monomeric VE-cadherins and clusters in the junction
area.
* Phosphorylation/dephosphorylation of VE-cadherins
095
0.7-
0.5
At least two other processes may regulate intercellular connection strength: AJ
are known to associate with actin which may be depolymerized upon flow application;
and cadherins phosphorylation-initiated mechanotransduction cascades may also affect
actin dynamics. Later processes are adaptive and include drop of polymerized fraction
and decrease in VE-cadherin in cell-cell contact area to facilitate adjustment to new
conditions.
1.2.4 Adherens Junctions and Cadherins: Structure and Dynamics
Cell-cell interactions are generally divided into three large categories:
interactions via gap junctions, tight junctions, and adherens junctions (Schnittler,
1998) (see Fig. 4). Among them AJ are believed to be the major force of cell-cell
adhesion which was supported by experiments by Schnittler and colleagues in 1997
(Schnittler et al., 1997).
In this work, an antisense oligonucleotide against plakoglobin RNA was
injected in EC, which resulted in disruption of EC adherens junctions. Application of
low shear flow of 6 dynes/cm 2 resulted in cell-cell interaction disruption, which proves
a major role of AJ in cell-cell interactions. Similar experiments with EDTA were
conducted and had the same results. However, Ca2+ depletion may influence other
cellular processes and could not be unambiguously interpreted as the effect of AJ
disruption (Schnittler et al., 1997).
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Figure 4. Cell-cell junctions. Picture shows major types of junctions: adherens
junctions, tight junctions, and associated molecules. (Schnittler, 1998)
Adherens junctions are complex dynamic structures. They have many similarities
to focal adhesions and may even share some associated proteins. Fully developed AJ
form an intercellular perimeter belt with underlying cytoplasmic actin network
attached to it, schematically represented in Fig. 5.
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Figure 5. Epithelial cell-cell interactions. Picture shows AJ as a belt surrounding
the cell only on the top (Lodish et al., 2001).
It is believed that, in the EC, clustered cadherins interact with cytoskeleton via
associated proteins - catenins a and f3, and plakoglobin. a-actinin and vinculin are also
involved (Schnittler et al., 1997).
The cadherin-actin cytoskeleton interaction hypothesis has been challenged recently by Nelson et al.,
Yamada, S., S. Pokutta, F. Drees, W.I. Weis, andW.J. Nelson. 2005. Deconstructing the cadherin-
surface
I
surface
face
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Cadherins inside the clusters form dimers called cys-dimers, and attach to
adjacent cell's AJ forming trans-dimers. These structures are in dynamic equilibrium
with cytoplasmic and membrane monomers not bound to cytoskeleton and the
formation of trans-dimers itself is also dynamic. Quantitative information on the
fraction of each type of cadherin cluster is very scarce and contradictory. The primary
reason for that is difficulty of quantification of membrane fractions in each form inside
and outside the cell-cell interaction area. Some studies of recycling and cytoplasmic
fraction were made on E-cadherins and showed large variation on fraction with level
of confluence and Ca2+ (Le et al., 1999). E-cadherin recycling half-life time was found
to be -5 hr and regulated by PKC (Le et al., 2002; Troxell et al., 1999). Some studies
on VE-cadherin recycling were made recently on microvascular EC (Xiao et al., 2003)
but no apparent half-life recycling time was obtained.
Most studies were made on epithelial cell cadherin - E-cadherin. However, the
structure of epithelial cells' AJ seems to resemble that of endothelial cell AJ formed by
VE-cadherin; thus many of the results obtained for E-cadherin may be applied to VE-
cadherin.
1.2.5 Clustering and Forces in the Endothelial Cells
Cadherin clustering is believed to be largely responsible for cell-cell interaction
strength modulation. Detailed structure of cadherin clusters is still under question and
there is not much quantitative information on AJ composition. It is assumed that
cadherins are the primary proteins in the AJ.
catenin-actin complex. Cell 123(5):889-901. in epithelial cell E-cadherins. It is not clear to what extent
this is applicable to endothelial cells but this difference does not impact the major conclusions in this
work. -
Formation of cell-cell contact leads to association of cadherins and formation of
clusters of dimers in the area of cell-cell interaction. The term "cluster" is not well
defined, as it is not known what these clusters are; we will use it to describe a cell-cell
interaction area where AJ have formed strong connections to the cytoskeleton. These
structures are the major transducers of force connected to the cytoskeleton (Schnittler,
1998; Ukropec et al., 2002). Thus it is assumed that AJ are responsible for
withstanding shear stress on cell-cell interaction areas, while focal adhesions are
responsible for cell-matrix force transmission.
Recombinant cadherin molecules unbinding forces were studied by atomic
force microscopy (Baumgartner et al., 2000) and were found to be. - 40pN per non-
clustered bond. It is assumed that clustering may significantly increase this force via
modification of cadherins and following change in affinity. Moreover, dragging
experiments on the surface of the cells showed an order of magnitude decrease in
diffusion constant for clustered cadherins (Underwood et al., 2002) Dmicro=l.2X10-10
2.1X10 "10 cm2/s versus Dmicro = 0.2X10-10cm 2/s for the cytoskeleton-associated
fraction.
Chapter 2 Model of the Role of AJ in Early
Shear Stress Response
The general hypothesis I want to validate is that cell-cell junctions respond
rapidly to flow application similarly to the way FA do, that is, shear stress induces
remodeling in AJ. As a result, flow onset causes VE-cadherin clustering and increases
intercellular interactions. It is important to note that our experiments are conducted on
a short timescale of less than 40 min to avoid secondary effects of flow, such as
protein concentration changes due to early genes response to shear. Thus, our model
does not contradict earlier experiments that show remodeling of junctions after 8 hr
and more of flow onset. By that time a cell's adaptive responses have been turned on
and a variety of processes may be responsible for change of junctional interactions.
Figure 6 below represents principal diagram of the forces affecting cell
Cell-cell interaction Force Shear Stress Force
Ihta _ _ _ _ _ _orc
I
I TR Rate Induced Driving Force
Cell-matrix Interaction Force
Figure 6. Model of cell crawling forces. Cell crawls polymerizing actin, thus actin
turnover rate (TR) is proportional to the crawling 'force', shear stress also
induces drift in the flow direction while cell-cell and cell-matrix interactions may
be thought of as "cellular friction". Red arrows represent force directions.
crawling. Dynamic interplay of "cellular friction" on cell-cell and cell-matrix
borders (depending on SS) and SS-induced drift and internally generated force of
crawling (this force is proportional to the actin turnover rate in the first approximation
and depends on SS) determines cell speed under flow in a culture. Shear stress has
Cell - cell Interactions and Cadherin Turnover
I I
Figure 7 Schematic representation of cadherin turnover in EC. Cadherins in
red may be present in the form of dimers, monomers and clusters and are
dependent on Ca2+ .
dual effect - it alters cell-cell interactions and increases actin turnover rate, which in
short-term results in counteracting effects on motility (Fig. 6).
Proper intercellular interactions would be impossible without association with
the cytoskeleton. Association with the cytoskeleton may change proteins affinity
significantly and cause proteins to form massive clusters. Our observations
support the idea that the growth of the adherens junction cluster has to be accompanied
by the increase of the number of actin filaments associated with this cluster. Cluster
formation may also be induced by Ca2÷ ions released by transmembrane channels,
filament formation may then follow the adherens junctions clustering.
Change in cell-cell adhesion may be explained in terms of VE-cadherin
turnover and change in free versus clustered fractions in the cells. Fig. 7 shows the
scheme of VE-cadherin localization in the cell. Cadherins responsible for intercellular
mechanotransduction form clusters connected to the cytoskeleton. At the same time, a
significant fraction of cadherins is stored inside the cell and in the free fraction on the
apical surface and in the intercellular space. Thus, the change in the interaction may be
explained by the change in the balance of the fractions of cadherins.
Flow application causes shear stress that may induce clustering of the
intercellular VE-cadherins. As a result of this clustering, the distribution of proteins on
the surface will change and will cause diffusion of apical free dimers and monomers to
the junctions. At the same time, internalization and exocytosis may also impact the
redistribution of the junctional proteins. Thus, we would predict that clustering of
junctional proteins will lead to an overall increase of proteins in the junctions area by
one or a combination of the above processes. It follows from the above that
intercellular adhesion strength can increase significantly if there is clustering.
Chapter 3 Materials and Methods
Cell culture and motility analysis. Primary BAECs (BAEC-77, passages 5-15) used
in flow and motility studies were a gift of M.A. Gimbrone, Jr. (Vascular Research
Division, Brigham and Women's Hospital, Boston) and were used by the same
protocols as in (McGrath et al., 2000).
Human umbilical vein endothelial cells (HUVEC, passages 1-3) are used in all VE-
cadherin experiments were a gift from Guillermo Garcia-Cardena (Vascular Research
Division, Brigham and Women's Hospital, Boston). HUVEC used in vessel formation
assay were obtained from Carlos Semino and Kamm's Lab as a collaboration project.
Cell speeds are determined with time-lapse video microscopy. Images are recorded
using MaxIm DL 3.0 (Apogee Instruments Inc.) or Metamorph program every 5 min
and analyzed by our own cell-tracking program. Cell movement is quantified by
tracking the nuclear trajectories of individual cells in movies. The mean-square-
displacements (MSDs) of the nuclei were computed from the cellular trajectories. Each
experiment is conducted at least three times and at least 30 cells were analyzed to
obtain average speeds. Error bars represent standard deviation from the average speed.
Flow chamber and microscope. In assays of cell motility and morphology, a parallel-
plate flow chamber is used to subject culture BAEC monolayers to laminar fluid shear
stress. The chamber is composed of two acrylic plates separated by a piece of silicon
sheeting. The flow chamber is formed by removal of a 1 cm x 15 cm rectangular
section from the gasket. The channel height is defined by the thickness of the gasket,
which is 0.75 mm. A single glass cover slip with confluent BAEC monolayer is placed
in a rectangular recess in the bottom plate, and a region of the monolayer is
exposed to flow (10mm x 75mm). The chamber is maintained at 370 by blowing hot
air into a cage that covers the chamber. A damped peristaltic pump circulates the
medium through a conditioning reservoir where a 37 o C and 5% CO 2 environment is
maintained. Images are obtained with a Nikon T2000 inverted microscope using 20X
and 40X objectives and an Apogee KX32ME CCD camera thermoelectrically cooled
to -10 0 C. BAEC or HUVEC are cultured to confluence in DMEM, 10% serum or M-
199, 10% serum respectively and then subjected to flow in the parallel flow chamber.
Shear stress is always 12 dynes/cm2 except for flow detachment tubes experiment.
Prior shear exposure, cells are allowed to rest in no flow conditions for 2 hr while their
speed is measured. All cell cultures were aligned after 24 hr flow onset.
Immunofluorescence. For actin staining, BAECs were fixed with 4%
paraformaldehyde for 5 min at RT, permeabilized with 0.2% Triton X-100 for 2 min,
incubated with 1 jimol/L Alexa@ 546 phalloidin (Molecular Probes) for 10 min to
stain F-actin, washed, and mounted on microscope slides. Images were digitized with a
cooled CCD camera (Orcall-ER; Hamamatsu) on a Nikon Eclipse TE2000 microscope
with a 63X objective and MetaMorph@ software (Universal Imaging). VE-cadherin
mouse anti-Cadherin-5 MAb antibody from BD Transductions Laboratories
(cat#610251) was used to label HUVEC cells.
Flow detachment assay. In this assay, 1.5 mm diameter glass tubes were coated with
recombinant VE-cadherin. Endothelial cells were detached and allowed to adhere to
the surface in the medium with RGD-containing peptide, GRGDTP (1mg/ml Sigma
Chemicals Co.) to block integrin-mediated adhesion. We followed similar
procedures as in (Yap et al., 1998). Cells were allowed to settle for 10 min and then
were pre-treated with flow of medium with RGD-containing peptide for 15 min to
simulate flow onset. Control cells were not subjected to flow. After that, a relatively
high, 2 dynes/cm2 shear stress was applied and the number of cells remained after 1
min was quantified. The absolute values of shear stress were lower than those in other
experiments, but that accounts for the fact that detached cells do not form strong
connections to the surface in the presence of GRGDTP.
VE-cadherin-GFP studies. Endothelial cells were infected with retrovirus carrying
VE-cadherin-GFP plasmid obtained from F.W. Luscinskas (Vascular Research
Division, Brigham and Women's Hospital, Boston) according to the protocol of Shaw
et al. (Shaw et al., 2001). Cells were infected to a low level and only low intensity
infection cells were monitored to insure that cellular processes were not damaged by
transfection. Cells were monitored by fluorescent microscopy and overlapped over
DIC images.
HUVEC vesicle tracking experiment. HUVECs were infected accordingly to the
method above and images of the cells were taken with the frequency of 2.5 min per
picture in green fluorescent and DIC channels. Vesicle motion was then analyzed by
manual tracking using Image J.
Endothelial cell junction area calculation. The junction area was calculated on
HUVEC cells transfected with VE-cadherin-GFP using Image J. Junction length
brighter than a certain threshold was calculated before and after flow onset by manual
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tracking. The threshold was picked so that the junctions were clearly visible
against the background and kept the same for each separate experiment.
siRNA knockdown techniques. Two different techniques were used in our experiments.
We used siRNA purchased from Dharmacon Inc, Lafayette, CO, USA and transfected
HUVEC cells with pre-designed mix of siRNA using DharmaFECT 1 transfection
agent. In the other method, we used Dharmacon siRNA design program
(http://www.dharmacon.com/sidesign/default.aspx?source=0) to find best candidates
of 19bp long to knock down a particular gene and ordered four best fit sequences from
Invitrogen Corp. Oligonucleotides were synthesized from two complimentary 19bp
pieces predicted by the program and the hairpin in between. The oligonucleotide was
then inserted in pSiren retro Q virus from BD. This virus was then replicated in the
packaging cells and HUVECs were transfected using Lipofectamine 200 transfection
agent.
Angiogenesis assay. An assay developed by Carlos Semino was used to study vessel
formation. The following conditions were used:
Primary isolated HUVEC were commercially obtained (Cambrex BioScience,
Walkesville, MD) and expanded with endothelial growth media (EGM-2, Cambrex
BioScience, Walkesville, MD) on regular culture flasks pre-coated with collagen I (BD
BioSciences, Bedford, MA) for.no more than 6-7 passages. Culture of HUVEC on
tissue culture inserts was developed as follows: tissue culture inserts (12 mm diameter,
0.4 jm, Catalog # PICM01250, Millicell-CM, Millipore) were loaded with 200 jtL of
melted agarose in water (0.5-2.5%). After the agarose solidified (20 min), 200 gpL of
cold collagen I (liquid) at 0.2 mg/mL equilibrated in phosphate buffer saline (PBS)
27
was loaded on top of the agarose gel. The inserts were placed into the cell culture
incubator (370C, 5% CO2, in a humidified atmosphere) for 1 h to allow gelation. Next,
collagen gels were equilibrated with EGM-2 media without EGF or VEGF. When
required, VEGF and EGF were added to the media to a final concentration of 10 ng/ml
and 1 ng/ml, respectively. Sub-confluent (80,000 cells/insert) or confluent (120,000
cells/insert) cultures of HUVEC were seeded on top of the collagen gels. The cells
were maintained for at least 3 days with daily changes of media. Under these
conditions, HUVEC develop into monolayers maintaining high viability (>80%). After
treating the cultures with collagenase type II (2 mg/mL, Worthington, Lakewood, NJ)
for 20 min at 370C, cell number was determined using a hematocytometer and viability
by Trypan blue exclusion.(Semino et al., 2006).
Mathematical modeling. For all modeling Mathematica 4.0 and higher was used.
All code was written in house and accuracy of calculations was always at least 0.1%.
Chapter 4 Isolation and Characterization of Mouse
Endothelial Cells
4.1 Introduction
In our cell motility experiments, we used three different species of endothelial
cells in order to confirm that the behavior we observed is a general property of
endothelial cells and not of a particular species. While human and bovine cells were
commercially available, mouse endothelial cells had to be isolated and characterized.
The technique developed in Dr. F.W. Luscinskas Laboratory at the Brigham and
Women's Hospital (BWH) was used to isolate mouse endothelial cells from heart and
lung (Lim et al., 2003).
Thus, for the first time in our laboratory we started work with mouse
endothelial cells (MEC) (we will specify the type MHEC or MLEC for heart and lung
cells respectively).
We characterized isolated cells with antibodies against specific markers:
PECAM-1, ICAM-2, VE-Cadherin and vWf to prove that these cells were the same
MEC as the ones isolated in Dr. M. Gimrone's Laboratory at the BWH and that they
still carried endothelial cell markers.
After that we, for the first time, studied MEC behavior under shear stress, in
wound edge and other motility experiments. This is an important step to set up a fully
characterized experimental system of MEC, which later will allow us to study various
knockouts. This work opened a whole new field of opportunities of studying
mouse cells response to flow.
4.2 Isolation and Culturing Protocols
Endothelial cells are isolated from C-57 mice. For each preparation, we use two
mice. Heart or lungs are taken and dissected to homogeneous mass separately. Then
they are incubated in 25 ml of 0.1% warm collagenase for 40 min to break cell-cell
interactions. After that, dissected organ pieces are broken into a more homogeneous
mixture in a syringe. This mixture is filtered using 40 plm cell strainer to remove larger
aggregates.
After that PECAM-1 (Pharmingen) antibody-coated magnetic beads are used
to select endothelial cells. Magnetic beads (DynaBeads) with attached cells are washed
5 times and then cultured in a T-25 (Falcon) flask coated with 0.1% gelatin in 20%
serum growth medium. When cells reach 70% confluence, a second sorting is
conducted. ICAM-2 (Pharmingen) antibody-coated magnetic beads are used for the
second sorting. These cells will then grow to confluence in 1-2 weeks (depending on
cell density) and may be used for up to 3 passages afterwards (See Figure 8).
After the third passage, cells may show significant dedifferentiation: they lose
PECAM-1, Tie-2, and VE-Cadherin 10-40% for MLEC and <10% for MHEC (Y.
Chin-Lim, personal communication). For all our experiments, we used cells from the
second or third passage after confluence.
MEC are hard to grow and are very sensitive to culture conditions. For all our
normal MEC we use DMEM high glucose, 20% serum, ECGS, heparin, NEAA, L-
glutamine and penlstrep. Cell medium is changed at least every 3 days. Cells tend
to become senescent if improper conditions are used.
Figure 8. MHEC monolayer. Isolated mouse endothelial cells
form a monolayer and stop dividing like other types of
endothelial cells.
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4.3 Characterization of Isolated Cells
Cells isolated by this protocol in the Vascular Pathology Laboratory were
characterized and proved to be mouse endothelial cells by expression of specific
endothelial markers (Lim et al., 2003). However, we conducted additional
characterization to prove that we had the same endothelial cells. Specifically, we
looked at endothelial markers expression and phenotype to prove that we had the same
cells as the ones isolated in the Vascular Pathology Laboratory. We also conducted a
number of standard experiments on endothelial cells to compare their behavior to that
of known types of endothelial cells: BAEC and HUVEC.
To prove that the isolated cells were endothelial in origin, we stained cells
against two of the most specific endothelial cells markers: von Willebrand factor
(vWf) and vascular endothelial-cadherin (VE-Cad) (See Figure 9 and 10 respectively).
vWf is synthesized from a 8.7-kb mRNA and expressed only in endothelial
cells and megakaryocytes. vWf is stored inside the cell in the form of granules
(Weibel-Palade bodies) whose shape reminds small rods (Yamamoto et al., 1998). The
size and number of granules may vary with cell type and may become less distinct
with passage number increase. Polyclonal rabbit-anti-human vWf antibody with cross
reactivity to mice (DAKO) is the most commonly used for all types of EC. Unlike
human endothelial (Russell et al., 1998) cells or AtT-20 cells (Blagoveshchenskaya et
al., 2002) with increased expression, our cells do not show large rods in their
cytoplasm. Polyclonal antibody's low specificity together with known rapid vWf
granules degradation with increasing passage number is the primary reason for such
behavior. However, cells do show a large number of smaller granules and
decreased nuclear staining in comparison to cytoplasmic staining, unlike the
fibroblasts used for control.
VE-cadherin is expressed exclusively in endothelial cells (Lampugnani et aI.,
1992). This junction protein is the most specific marker of EC with unique spatial
pattern. Figure 10 shows VE-cadherin staining of MHEC. Negative controls with
fibroblasts showed no staining.
Cell-sorting technique itself selects PECAM-I and ICAM-2 positive cells only.
PECAM-I itself may be
expressed in EC, monocytes and
platelets. ICAM-2 itself is not
specific for EC; it is also
expressed in lYmphocytes,
platelets and monocytes.
Expression of PECAM-I,
ICAm-2, vWf, and VE-Cadherin
Figure 9. Anti-vWf staining. Mouse endothelial proves that the cells we isolated
cells express vWf and have granular storages in are endothelial cells.
cytoplasm. However, unlike HUVEC, MEC
granules are numerous and smaller in size
partly because of de-differentiation and partly
because of anti-human antibody's
crossreactivity.
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Figure 10. VE-Cadherin antibody staining of the MHEC. Endothelial
cell specific junctional protein VE-Cadherin staining has no
background in cytoplasm and is present only on cell-cell interfaces.
4.4 MEC Behavior in Standard Experiments for Endothelial
Cells
To be able to use mouse endothelial cells for studying mechanotransduction
phenomena, we have to compare their behavior to that of known endothelial cell types:
HUVEC and BAEC. Cell crawling speeds for confluent and subconfluent cultures, as
measured in wound edge and flow chamber experiments, are the most important and
widely used techniques to study EC behavior. Therefore, we chose to use these
techniques to obtain a direct comparison among MEC, HUVEC, and BAEC. In the
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process, we chose to extend the data from MEC to new experimental conditions
as well.
4.4.1 Cell Crawling
Cell motility experiments were conducted on glass coverslips precoated with
0.1% gelatin. Cells were tracked for 8 hrs and movies were recorded with Scion 1.62
program on Macintosh Power PC at 10X magnification. One picture per 5 min was
taken and cell speeds were analyzed by tracking their nuclei in the subsequent pictures.
We calculated each step of displacement and summarized them to get each cell's
trajectory path. To obtain average cell crawling speed in no flow conditions, we took
30 cells and averaged their speeds over a 1 hr time period (cell speed was unchanged
within the standard deviation for the whole 8 hr period of observation, thus we could
pick any period within this time).
Cell motility depends upon the confluence state of the endothelial monolayer.
We distinguish three states: subconfluent cells, where there are no cell-cell
interactions; underconfluent cells, where cells interact with each other but may be
packed closer; and confluent cells.
To go further in our studies we had to prove that the technique we used gave
the same results as the ones obtained by McGrath in 2000 for BAEC in wound edge
experiment (McGrath et al., 2000).
We measured motility of all three types of endothelial cells and knockout
MHEC. Table 1 summarizes cell motility data for BAEC, HUVEC and MEC
measured under similar conditions and compares them to data obtained by
McGrath in 2000.
4.4.2 Wound Edge Experiment
The second standard EC test is wound healing. A MHEC confluent monolayer
was taken and a scratch was made with a needle. Cells filling in the gap were
monitored for up to 10 hr. As was expected, slower average speed cells filled the gap
completely within 8-10 hr while BAEC did the same for 4-6 hr. We do not go into
much detail here because cells in the wound edge experiments have varying density
and interpretation of single cell velocity is harder than that for regular crawling
experiments and is not necessary for our experiments.
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Table 1. Endothelial cell motility in culture.
Cells
Experiment Cell confluency Speed, um/hr Deviation, Ref
type um/hr
BAEC Wound edge Confluent 11.4 0.6 (McGrath et
al., 2000)
BAEC Wound edge Underconfluent 21 6 (McGrath et
al., 2000)
BAEC Wound edge Subconfluent 33 11 (McGrath et
al., 2000)
BAEC Culture Confluent 15 5 our data
HUVEC Culture Confluent 28 9.4 our data
MLEC Culture Subconfluent 16.5 7 our data
MHEC Culture Underconf 12.5 7.6 our data
MHEC Gelsolin- Culture Underconf 8 4.3 our data
KO
4.4.3 Flow Chamber Experiments
Flow chamber experiments were conducted following the standard procedure
described in (Tardy et al., 1997). A shear stress of 12 dynes/cm2 was applied for 48 hrs
to all types of EC. To keep the same conditions, we used 10% serum medium for flow
experiment with MEC while using 20% in culture.
By 48 hrs of flow exposure, neither type of MEC showed alignment in the
direction of flow as occurred with BAEC and HUVEC. MEC do show a torpedo-like
shape that characterizes other types of EC, however.
We decided to increase shear stress magnitude to 24 dyne/cm 2. MHEC did not
show any alignment under this high shear stress, while MLEC showed some degree of
alignment in the flow direction.
4.5 Results and Discussion
We measured cell motility in culture, in wound edge experiments and under
shear stress for three types of endothelial cells in parallel under the same conditions.
We also compared our results to that obtained by J. McGrath in 2000.
BAEC motility measurements resulted in 9-20 .m/hr average cell speed
depending on the degree of cell confluency. McGrath reported 11.4 pm/hr for
confluent BAEC at a wound edge. These results show that our technique and
conditions are consistent. Having proved the consistency of results on BAEC and
HUVEC, we conducted experiments on MHEC and MLEC. Our results show 12.5
pm/hr and 16.5 lim/hr for slightly underconfluent mouse heart and lung cells
respectively. These results show that MEC motility is closer to that of BAEC than
HUVEC (-28 pm/hr).
Flow chamber experiments unexpectedly showed no alignment of either heart
or lung mouse endothelial cells under 12 dynes/cm2 after 48 hrs of flow exposure.
Both BAEC and HUVEC aligned under the same conditions. We increased shear rate
two times to 24 dynes/cm2 and observed some degree of alignment in MLEC but no
alignment in MHEC. This is the first time to our knowledge that EC showed no
alignment under shear flow. There may be several explanations for this phenomenon.
"Normal" in vitro average values for human and bovine vessels (12 dynes/cm2) may be
insufficient to cause cell alignment in a mouse. The reason that MHEC show no
alignment under 24 dynes/cm 2 may be the different physiology of the heart endothelial
cells. An unpublished study by M. Friedman at Duke University (private
communication) has found that human heart arterial endothelium have much less
alignment than HUVEC or BAEC. Unlike all other types of endothelium, heart
endothelial cells are exposed to very high frequency flow oscillations because of
phasic contractions of the heart muscle. This permanent exposure may change
endothelial cell properties significantly and may be the reason for non-alignment.
Indirect proof of the different physiology is a characterization of MEC performed by
W. Luscinskas and Y-C. Lim. Their results show a different level of expression of
PECAM-1, ICAM-2, VE-Cadherin and other markers. MHEC also have slower de-
differentiation, specific marker concentrations decreased slower than that of MLEC
(Lim et al., 2003).
Chapter 5 Endothelial Cell Speed after Flow Onset
5.1 Introduction
Endothelial cell crawling is a process driven by actin polymerization and is
dependent on interactions of a cell with matrix and surrounding cells. Thus, crawling
speed is an important integral characteristic of cellular adhesion forces and actin
turnover rate (McGrath et al., 2000). Our previous experiments (Osborn et al., 2006)
showed that shortly after flow onset actin turnover rate increases by 30-40%. At the
Figure 11. BAEC under flow. Cell crawling speed in jLm/hr was monitored before and
after flow onset. A prominent speed drop has been observed in all experiments within 30
min of flow onset. A shear stress of 12 dynes/cm2 was used in all experiments.
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same time we observed, on the contrary to what could be expected, that cell
crawling speed decreases.
In order to conduct our experiments on cells under flow, we designed and
assembled new flow chambers for high-resolution microscopy and for large numbers
of cells. We used our own program to track cell- trajectories and to calculate cell
velocity. Endothelial cells isolated from three different sources - human umbilical
vein (HUVEC), bovine aortic (BAEC) and mouse heart endothelial cells (MHEC) - all
responded the same way. Cells decreased their crawling speeds within the first 30 min
of flow exposure (Fig. 11) by up to 40% of the original speed. To ensure proper
experimental conditions, cells were monitored for 2 hr in no flow conditions with
growth medium circulation each 20 min. This allows conducting a control experiment
on the same population.
Our results show that cell crawling speed drops rapidly in response to flow
onset, then stays at "slow" orange phase (Fig.12) and, finally, begins to recover to the
original value after 6 hr - yellow zone. We are mostly interested in early events - the
first phase of cell speed drop. Further processes may be affected by a number of
parameters including mechanotransduction cascade results. For this reason we will not
consider long-term effects further.
Speed Distribution Under Shear Flow
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Figure 12. BAEC speed distribution. Thirty cells were 
tracked at every experiment for 2 hr
at no flow conditions and 8 hr under flow. Their speeds 
were averaged over 20 minutes and
rank-ordered with highest speeds at the far end. The 
"blue" area represents area of high
speed, "green" is a time of flow onset. The "orange" 
area is an area of low crawling speeds
and "yellow" area is an area of speed recovery
However, to show consistency with our earlier long-term 
studies, we have shown that
cells do align in flow chamber after 24 hr (Fig. 13). Thus, we concluded 
that all three
types of cells have the same behavior under flow in standard 
experiments --alignment,
wound healing, etc.
Figure 13. BAEC align after 24 hr flow exposure at
12 dynes/cm2 shear stress (flow from left to right).
Our studies of flow effects on crawling speeds of HUVEC and MHEC showed that, as
in long-term experiments, they follow a similar pattern. There is a rapid drop in speed,
Figure 14. HUVEC average crawling speed under flow
followed by "slow" phase and, finally, recovery (Fig. 14,15).
Figure 15. MHEC average crawling speed under flow
The effect we observe is an intrinsic property of endothelial cells. Moreover,
we showed that these cells align after 24 hr of flow onset (MHEC did not align as
discussed above).
Both human and mouse endothelial cells responded to flow application in a
way similar to bovine cells. Initial crawling speed for BAEC is -21±5m/hr, speed
after flow application is -13±4prm/hr and then recovers to -18±4pm/hr after 6 hr of
Figure 16. Average crawling speeds for BAEC and HUVEC.
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flow onset. HUVEC cells crawl faster: they have a no flow crawling speed of
36±6 pm/hr; 30 min after flow onset the speed is 20±5 gm/hr and then recovers to
29±7 jim/hr (See Fig. 16). Similar response is observed in MHEC (Fig. 17), but due to
differences in morphology we will further compare only HUVEC and BAEC. Cell
crawling speed decreases about 40% within half an hour and then recovers to almost
the original value. At the same time, we have not observed any speed drop in
subconfluent cells. This implies
MHEC Crawling Speeds a possible role of intercellular
connections in the cell slowing
and limited involvement of focal
adhesions.
At the same time, we
no flow 30 min flow recovery observed a certain difference in
Figure 17. Average crawling speeds for the timescale and the magnitude
MHEC.
of the responses of different cell
types. Thus, mouse cells showed the lowest crawling speeds and slowest response
times. We ascribe this difference to different physiological stress levels in mice.
Mouse vessels are smaller and thus the effective shear stress may be significantly
higher than that in humans or cows. As a result, it may require a longer time for the
cells to align under 12 dynes/cm 2 shear stress that is normal for human cells.
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Discussion
We observed a rapid drop of average crawling speed of endothelial cells from
three different sources: human (HUVEC), bovine (BAEC), and mouse (MHEC). All of
these cells show similar response to standard flow test experiments: they align under
flow after 24-36 hr of flow onset (36 for mouse heart cells), these cells close a wound
and express specific EC markers. Thus, we conclude that rapid cell speed drop after
flow onset is a general property of EC.
It is important to note that EC crawling speed drop occurs at the same time as
actin turnover rate increases and thus cannot be explained by decrease in actin
formation rate. Instead, another mechanism has to be involved to overweigh the actin
turnover increase. Our further studies showed that subconfluent layers of endothelial
cells do not show any crawling speed drop. The role of cell-matrix connections
through focal adhesion is limited in this process. We hypothesize that intercellular
adhesion (primary force transducers are adherens junctions) may be responsible for the
observed speed loss.
Further observation of cell crawling speed in all samples showed speed
recovery after 6-8 hr of flow onset. This time coincides with junction dissolution
observed in some earlier studies on the same timescale. Thus, our observations agree
with experiments on the longer timescales of other authors.
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Chapter 6. Protein Localization After Flow Onset
6.1 Introduction
The observation of cell speed drop in confluent monolayers does not give any
information about the molecular processes underlying possible junctional strength
change. To address this question, we analyzed a,13,y- catenin and VE-cadherin
distribution in endothelial cells under flow. Catenins are proteins connecting VE-
cadherin to the cytoskeletal network. These proteins are cytoplasmic and may not be
found anywhere in the membrane area unless connected to the AJ cluster. Two types
of experiments have been conducted: cells were either fixed and then permeabilized or
first permeabilized and then fixed. The first method allows us to observe total protein
distribution, while the second allows us to observe only the cytoskeleton-associated
fraction.
6.2 Immunochemistry Studies
To investigate reasons for early speed drop, we analyzed VE-cadherin and actin
staining patterns in HUVEC in no flow conditions and after flow exposure with
immunofluorescence (Fig. 18,19). We observed rapid change in the shape of junctions
and change in the cytoskeleton - bound fraction of junctional proteins (see pictures on
the right). The pictures on the left were taken at no flow conditions, while those
on the right were taken after 20 min flow. Both pictures in no flow conditions showed
diffuse and discontinued VE-cadherin staining. The pictures on the right, after flow
application, show strong continuous lines of VE-cadherin clusters. One can
hypothesize that the actin-associated fraction of VE-cadherin at no flow represents
Figure 18. Permeabilized- fixed fraction of HUVEC. (a) no flow, (b) after 20 min flow.
Actin - green, VE-cadherin - red.
Figure 19. Fixed-permeabilized fraction of HUVEC. (a) no flow, (b) after 20 min flow.
Actin - green, VE-cadherin - red.
clusters bound to stress fibers. However, after flow, the same cells show continuous
staining, suggesting an increased association of VE-cadherin with the cytoskeleton. P3-
catenin follows the same pattern together with a-catenin (data not shown), and
this demonstrates that the whole junctional structure (see Fig. 4) is responding to flow
onset.
This change, however, does not prove that cell-cell adhesion strength increases.
6.3 VE-cadherin-GFP experiments
Immunofluorescence studies are a valuable source of information, but they do
not allow tracking mechanotransduction events in time. To understand the dynamics of
mechanotransduction-related events, we studied GFP-conjugated proteins under flow.
VE-cadherin-GFP conjugate was developed in the laboratory of Dr. F.W. Luscinskas
and generously provided to us. We transfected HUVECs with VE-cadherin-GFP or f3-
i÷• /_'CTI • .. .. '
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and observed
fluorescence on early
stages of infection to
avoid artifacts related
to overexpression. The
VE-cadherin-GFP
overexpression system
was widely studied in
Figure 20. Three-color staining: red- VE-cadherin, the the laboratory of
green- GFP-actin, blue- DIC.
Dr. F.W. Luscinskas
for no-flow applications, and we followed similar procedures (Shaw et al., 2001).
Only cells with low transfection fraction were selected to make sure that
transfection did not change cellular processes. This is an important step as viral
transfection may cause malfunctioning of the cellular machinery. In this case we refer
to earlier experiments and controls done by the laboratory of Dr. F.W. Luscinskas that
showed similar behavior of transfected and normal cells (Shaw et al., 2001).
We have observed an increased remodeling of actin-GFP proteins localized
near intercellular borders in cells under normal conditions. Fig. 20 shows a picture
from one of the movies. At the same time, actin in the center of the cells showed
slower remodeling.
In a different set of experiments, we looked at internal VE-cadherin transport
during flow. Fig. 21 shows VE-cadherin (green) fluorescence overlapped over regular
Figure 21. VE-Cadherin-GFP tracking. Endothelial cells transfected with VE-
cadherin-GFP were observed by fluorescent and DIC optics and images were
overlapped with VE-cadherin-GFP in green and DIC in red. Green dots in the cell
cytoplasm are the vesicles transporting VE-cadherin from the Golgi to the junctions.
DIC. From obtained movies we could understand speeds of vesicle transport in the
cellular cytoplasm and get a closer look at junctional processes. Vesicle transport
takes -30-40 min from center to edges with vesicle speed of 34 gm/hr ±5 gm/hr.
6.3.1 Determining the Timescales for Early VE-cadherin Response
to Flow
Our goal is to examine the initial mechanotransduction effects shortly after the
onset of flow. Thus, it is important to show that no significant change of protein level
due to upregulation of early-response genes occurs during the course of our
experiments. We used cells transfected with VE-cadherin-GFP to examine internal
vesicle trafficking and to calculate the time for vesicle transfer from the center of the
cell to the edge of the cell. Although we cannot rule out the possibility that some of the
vesicles we observe are recycling vesicles or vesicles from internal storage and do not
come from the Golgi, only those from the Golgi will carry newly synthesized proteins.
The speed of transport of observed vesicles was independent of their origin. The time
it took for a vesicle to transfer from the center of the cell (where we observe
significant storage of VE-cadherin and where Golgi and endoplasmic reticulum are
located) is -40 min (Fig. 21). Thus, it takes at least 40 min for a signal to be
transferred from the nucleus to the cell junctions. In reality, a change in early-gene
expression would require about one more hour to reach its maximum (Lan et al.,
1994),(Nagel et al., 1999), confirming that the results of our experiments were not
significantly affected by the change in the level of expression of the proteins, but
instead were entirely the result of reaction triggered by mechanotransduction.
6.3.2 Vesicle Transport Speed Remains Unchanged While Actin
Turnover Increases
We observed the speed of vesicle transport under flow using GFP-tagged VE-
cadherin. Given that the rate of actin turnover increases during the first 30 min of flow
application (shown in a previous study (Osborn et al., 2006)), one might expect that
kinesin-powered vesicles would move more rapidly. However, we did not observe any
increase in the speed of vesicle transport in our GFP-VE-cadherin vesicle tracking
experiments, with a velocity of 34 p.m/hr ±5 pm/hr for normal cells and of 26 tpm/hr
±5 pm/hr for cells subject to flow.
6.3.3 Junctional Clustering under Flow
In addition to the immunoassaying, we used live imaging of VE-cadherin-GFP
transfected HUVEC cells under flow.
The first 30 min of flow exposure were analyzed. For each experiment, we
calculated the total length of the junctions of 30 cells above a certain threshold level of
brightness. Our experiments showed -30% average increase in the total average length
of such junctions (Fig. 22). As a control we use the same cells before flow exposure
(see explanation in Methods). This increase is repeatable and seems to be due to
adaptive cell response to flow. Cells are trying to flatten their surface, and thus the
cell-cell interaction area increases and diffusion from the surface leads to increase of
the VE-cadherin amount in the junctions.
Before flow After flow
Figure 22. Cells increase their interaction area after 30 min of flow onset by -30% on
average. Arrows represent junction length before and after flow. A clear increase in
the intensity of the junctional VE-cadherin may be observed.
6.4 Discussion
The observation of crawling speed drop is not sufficeient to make any
conclusions about the mechanism of this process. In order to understand the
remodeling better, we conducted a number of experiments on AJ proteins.
Our experiments with cytoskeleton-associated fraction and overall VE-cadherin
and catenins in the cells before and after flow onset proved that important remodeling
processes occur on the 30 min timescale. As Figures 17 and 18 show, under no flow
conditions VE-cadherin forms a punctated staining in the cytoskeleton-associated
fraction while flow application results in continuous actin-associated staining. Thus,
flow application results in an increased clustering and association of VE-cadherin with
the cytoskeleton. Our further experiments on catenins (Fig. 19 for P3-catenin, similar
results obtained for a,ýy) showed that this pattern is consistent for these other AJ
proteins. Thus, we conclude that not only VE-cadherin, but the whole AJ is
increasingly association with the cytoskeleton.
Junctional remodeling is a dynamic process and in order to visualize cell
response to flow, we used a VE-cadherin-GFP construct. We used GFP conjugate to
obtain a number of important parameters. We calculated the vesicle transport speed
from observing the time necessary to transport a vesicle from the Golgi and ER to the
cell edge. We found this time to be 40 min and thus we can assume that within this
time no changes in protein synthesis could be transmitted to the junctional protein.
This is an important result as we can assume that we observe the primary effect of
shear stress instead of combined adaptive response of the cell caused by changes in
gene regulation.
Further experiments showed increased remodeling activity on the cell edges
and indicate that some important processes occur. At the same time, in spite of actin
turnover rate increase and overall cell agitation, we observed no change in vesicle
transfer speed. Thus, proteins are still carried at the same rate to the membrane.
Experiments under flow showed (Fig. 22) that the size of intercellular junctions
increases after flow application by 30%. This result shows that not only the junction
cluster, but also the amount of proteins in the junctions is increasing. This observation
may explain the increase of adhesion strength as the only fact that proteins cluster does
not neceserely mean that the overall force will increase.
Chapter 7 Endothelial Cell Cadherins Increase
Interaction Strength under Flow
7.1 Cell Detachment Assay
To directly prove that the change in the pattern of VE-cadherin staining and
increase of clustered fraction lead the increase of intercellular interactions, we
conducted a cell-detachment assay as described by (Yap et al., 1998). We pre-sheared
ECs with low with 0.5 dynes/cm 2 shear stress and then applied high shear of 2
dynes/cm 2 to detach the cells and then counted the number of remaining cells. The
detachment assay showed a reproducible increase of VE-cadherin interactions
following a flow pre-treatment for 15 min (see Fig. 23 a,b).
These results suggested that endothelial cells initially increase their interactions
to withstand applied flow and only after that start to dissolve. Thus, our findings do
not contradict later dissolution as another process, such as downregulation of cadherins
or change in the internalization rate may account for dissolution (Studies by N.
DePaola showed that transendothelial resistance drops after initial increase and then
continues to drop below original value, indicating junction dissolution).
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Figure 23a. Flow detachment assay. Percentage of cells attached after flow
application to the original was calculated for three cases: for (a) when cells were
subject to low shear flow for 15 min, (b) for no pre shear control and (c) for EGTA
- treated cells.
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Figure 23b. Principal scheme of the flow-detachment chamber. Cells are
seeded in the tube (red) and flow is applied through peristaltic pump.
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7.2 Discussion
Endothelial cell response to flow is a widely studied area. The primary
reason for this interest is a correlation between disturbed flow regions and
malfunctioning of endothelial cells which then leads to atherosclerosis (Dewey, 1984),
(Nerem et al., 1981). The mechanisms underlying mechanotransduction are not well
understood and a number of different players have been proposed to be involved.
Current knowledge is summarized in review works (Fisher et al., 2001; Girard and
Nerem, 1995; Malek and Izumo, 1995; McGrath et al., 1998; Stamatas and McIntire,
2001; Tardy et al., 1997; Traub and Berk, 1998). The most studied is focal adhesion
mediated mechanotransduction via cell-matrix adhesion protein integrins (Shyy and
Chien, 1997). Focal adhesion (FA) mediated mechanotransduction implies that shear
stress is transmitted through the cell's cytoskeleton to the basal surface and activates
integrins in focal adhesions initiating mechanotransduction. Change in integrins
conformation is followed by focal adhesion-associated proteins phosphorylation.
Paxillin is probably one of the first in the phosphorylation chain (Han et al., 2001).
This chain leads to N-terminal Jun Kinase and Extracellular Signal-regulated Kinase
(ERK) activation with maximum at 5 min for JNK and 30 min to 4 hr for ERK (Jo et
al., 1997).
Another possibility is that fluid flow produces physical stress on cell-cell
junctions, deforms them and activates major intercellular proteins, cadherins, and this
process triggers mechanotransduction (Schnittler, 1998). Some early observations of
laminar and turbulent flow effects on cell-cell interactions were studied by C.F. Dewey
in 1987. The hypothesis was stated that differential forces between cells caused
by turbulence can influence cell division and more (Dewey et al., 1987). Shear stress
may change cell-cell interaction strength via remodeling of adherens junctions. Some
experimental observations of flow effects support this idea: rapid increase in
transendothelial resistance (Seebach et al., 2000), [Natacha DePaola, private
communications], drop in cell motility (Rabodzey 2003), and remodeling of cell-cell
junctions (Noria et al., 1999).
Our hypothesis is that FA and AJ are both playing a significant role in the
mechanotransduction of endothelial cells (Fig. 7 for an illustrative diagram). We
observed a rapid drop in confluent cell crawling speeds after 30 min of flow onset.
This drop has not been observed in subconfluent cells, and thus we cannot ascribe it
fully to FA's role. Our observation of live transfected endothelial cells and
permeabilized-fixed, fixed-permeabilized cells showed important changes in the
junctions under flow. Overall VE-cadherins become more concentrated in the
junctions and their association with the cytoskeleton is increased.
To prove that junction change is associated with interaction strength increase,
we repeated an experiment conducted by Alpha Yap on cell detachment. Our results
indicate that cells increase interactions via VE-cadherin under flow.
We conclude from the above results that cells adaptively respond to flow by
trying to withstand the shear force applied. Instead of dissolving the junctions, they try
to increase interaction area at least at early times. This clustering may, in turn, result in
the increased apical diffusion of free proteins to the junctions, further increasing the
number of VE-cadherins in the junctions. Our results help to explain previous data on
transendothelial resistance increase and do not contradict the later junction dissolution.
The precise mechanism of this phenomenon is not yet understood.
Increased intercellular interactions can be a result of an increase of the number of VE-
cadherins in the junctional area or redistribution of the proteins inside it.
Redistribution between the free and clustered fraction may alter interactions.
Clustering of the proteins, however, may not increase strength of the junctions by itself
unless it causes an increase of the number of connections. Our observation of increase
of the VE-cadherin-GFP indicated that the amount of intercellular connection is also
increasing. In the next chapter, I propose a mathematical model that helps to explain
the mechanisms underlying intercellular connection strength change.
Chapter 8 Mathematical Model of Junctional
Dynamics
8.1 Introduction
As previously discussed, the mechanisms underlying junctional proteins
redistributions are not well understood. It is known that junctional proteins may be
redistributed by diffusion, internalization and exocytosis, but the relative impact of
each of the mechanisms is unknown.
We have developed a model of cadherin dynamics in the endothelial cell. The
cellular wall was approximated by a cylinder with 20 plm radius and 2 ptm height (See
Fig. 24). Green arrows represent internalization that is assumed to happen on the apical
surface and is proportional to the concentration of the protein in the point of
internalization. This assumption is true for most proteins, as the amount of proteins
internalized in the coated pit is proportional to the amount of that protein in the area
occupied by that pit for most proteins. Blue arrows represent exocytosis - active
vesicle trafficking from the Golgi to the cell edges. We assumed that vesicles are
delivered to the close proximity of the junction, within 2 pm. Mathematica 4.0
(Wolfram Research) was used to solve the time-dependent redistribution problem.
Under static conditions the rate of endocytosis Rendo - depends on r, t and C(r,t),
where r is a cell radius, t is time and C(r,t) is a distribution of cadherins on the apical
surface. Rxo is only a function of time and distance r from the center as it is
independent of surface cadherin concentration in the first approximation. On the
apical surface, we solved a regular diffusion equation:
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Where D) is a surface diffusion coefficient [cm 2/s]. In the cylindrical coordinates, the
exocytosis term is inversely proportional to the distance, while endocytosis is not for
the above reasons. For the cadherin diffusion constant, we took E-cadherin diffusion
constant D = 3.5* 10-10 cm2/s which has been well-established and is similar to that of
VE-cadherin due to similar sizes of the molecules.
8.2 Assumptions of the Model
The model we developed describes the transport of cadherins on the apical
surface and in the cytoplasm with given boundary and initial conditions. These initial
and boundary conditions are defined by the specific type of the problem. We assume
that flow onset causes clustering of the existing dimers in the junctions as is implied
by rapid increase in transendothelial resistance and our studies of permeabilized-fixed
and fixed-permeabilized cells under flow. We do not know the mechanism of this
transient clustering yet; however, it is certainly an important further step. For the flow
onset or new junction formation, we assume a "perfect sink", i.e., there is no
dissociation of junctions and all junctional proteins form clusters at the moment of
flow onset. We also propose a mechanism to account for the "filling" of the sink.
After flow onset, proteins diffuse into the junction area and increase of their number
slows further diffusion until it reaches equilibrium after 40 min as is the case for
the junction formation process (Fig. 25).
This assumption limits the timeframe of our simulation to the time it takes to
fully develop an intercellular connection. The reason for this assumption is that we do
not yet know the constant of dissociation, but for our purposes this assumption will
give satisfactory predictions. On the other hand, we also limit ourselves to the time
when no significant upregulation of the VE-cadherin can occur due to increase or
decrease of synthesis.
To assess these timescales, we calculated the time necessary for the formation
of the new junctions (Fig. 25) and the time it takes for the vesicle to reach the junction
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Figure 24. Model representation. In our model we look at three processes responsible for
VE-cadherin redistribution: internalization (green), and exocytosis (blue) and diffusion on
the apical surface (black).
from the Golgi in the VE-cadherin-GFP transfected cells (Fig. 21). Both of these
Sfigure 1:. Junction tormation in tne Et;. ca- has been removea by EUIA
treatment and the reconsituted back and recovery of VE-cadherin-GFP was
monitored for 45 min. Images were taken with a five minute intervals and junction
development was quantified using Image J intensity analysing plugin.
times are -40 min. Thus, we can assume that for at least 40 min, even if any
upregulation occurred, its effect will not affect distribution of the proteins, as these
vesicles would still be on the way to the surface (in reality the process of upregulation
and early response genese activation will also take some time, thus our assumption
may be valid even on the longet timescales). Thus we can assume that exocytosis is
constant and the same as at equilibrium for at least 40 min.
In order to simulate VE-cadherin dynamics after initiation of junction
formation, we needed initial distribution of dimers on the apical surface (assuming
homogeneous distribution in the junctions). Initial distribution was obtained by
applying the same model in the conditions of steady-state equilibrium for 10 hr (Fig.
26). That is, initial distribution was assumed to be a homogeneous distribution with no
flow to the junction during the simulation. The distribution is created by endocytosis
and exocytosis terms that should be equal under steady conditions. Figure 27
represents steady-state distribution used as an initial condition for flow onset
simulation and the final distribution after 40 min flow simulation.
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Figure 26. Initial distribution of VE-cadherin on the surface. Homogenous
concentration profile was used as an initial condition for 10 hr simulation with
zero flow of cadherins to the junctions. Concentration is calculated in
dimers/cm2.
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Figure 27. Final distribution of VE-cadherin (dimers/cm ) after the 40 min flow
application (pink line). Blue line represents initial distribution and magenta line
shows homogeneous distribution used to obtain initial distribution.
During the actual simulation, we assumed the number of VE-cadherin to follow that in
(Baumgartner and Drenckhahn, 2002). The Kd from the same paper of 0.8*104 M for
trans- cis- interactions means that there is a 1/70 ratio of trans-dimers to cis-dimers.
This number seems very low to us, as it implies that concentration of dimers on the
cell surface is homogeneous, which is not what can be observed by microscopy.
Instead we used an assumption of almost equal fractions in the junctions and on the
apical surface as is implied by papers by the Dejana group. However, we did use the
number of VE-cadherins obtained in (Baumgartner and Drenckhahn, 2002) and
assumed it to be -107 dimers.
The onset of flow is simulated by setting boundary concentration to zero.
However,, as proteins flow to the junctions, the sink will be filled and we adjusted for
that by setting C(a,t)=K*J(t)/Ajunc where J(t) is the total flow of proteins to the
junctions, Aju. is the area ofjunctions, K is a constant of proportionality picked so that
rrm
the junction is formed with the same timescale as in the EGTA experiment above
- 40 min.
8.3 Results of the Model
Simulation of flow gives the distribution shown in Fig. 28. Overall apical
proteins diffuse to the junctional "sink" and, as a result, concentration decreases. From
this distribution, the total number of proteins left on the surface and the number that
goes to the junctions may be calculated (Fig. 29, 30).
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Figure 28. 3D distribution of VE-cadherin during flow.
The results above show that the total number of cadherins in the junctions
almost doubles by the end of the simulation, leading to increased adhesion. This
phenomenon happens for two reasons - existing cadherins diffuse from the apical
surface to the junctions or due to the inequality of endocytosis and exocytosis after
junction formation initiation. This inequality is created after the steady state profile
(Fig. 26) has been changed. Decrease of cadherins on the surface leads to decrease in
the internalization as it is proportional to the concentration of the molecules on the
surface. Exocytosis, on the contrary, is independent of this concentration and is
unchanged for the time of the simulation as we discussed above. This inequality causes
flow of cadherins towards the edges. This flow generates about half of the total
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Figure 30. Amount of dimers going to the junctional area, min.
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Figure 29. Fraction of VE-cadherin remaining on the apical surface under
flow.
increase without any upregulation of the synthesis of cadherins.
The initial distribution of VE-cadherins in the model is 5*106 dimers initially
on the cell surface, with 4*106 on the apical surface, 0.9*106 in the junctions in the
form of free dimers and 0.1* 106 in the clusters in the junctions. The average density of
proteins on the apical surface is 3200 dimers/pm2 . Following 40 min of flow,
0.92*106 dimers remained on the apical surface with average density of 731
dimers/tm2, 4.5* 106 diffused to the junctions and total flow to the junctions resulted in
increase of -3.5* 106 dimers (see Table 2). The total number of proteins generated by
exocytosis is 0.6*106, 0.2*106 dimers were internalized and the total generation due to
the inequality of these processes was 0.4*106.
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Figure 31. VE-cadherin distribution at no flow (1) and following 40 min flow
(2). Yellow - clustered dimers, red - free dimers in the junction area, blue -
apical free dimers.
Table 2 Initial 40 minutes after flow
Apical dimers 250,000 83,000
Free dimers in the 50,000 18,000
junctions
Clustered dimers 200,000 437,000
Total 500,000 537,000
-- -- -- --
8.2 Junction Formation in Adjacent Cells
The same model with different boundary and initial conditions may be applied to
another problem - junction formation by two. adjacent cells. This problem has a
number of important implications. One of them is leukocyte transmigration when a
leukocyte opens the intercellular connections between two cells and migrates between
them; a similar processis occurs in neutrophils (Luscinskas et al., 2002; Shaw et al.,
2001; Yang et al., 2005). One of the observations was that the process of junction
disruption and formation was very rapid, -7 min. This was unexpected and the
underlying mechanism has not been understood.
The major difference from the flow-response model is that initally there are no
clusters in the junction area, and at the same time, there are free dimers and monomers
in that area. Fig 32(1) shows free dimers in red and free apical dimers in blue. The
junction formation process is simulated by assuming simultaneous closure of the cell
edges and junction formation. Then the model is run for 7 min. Fig. 32(2) represents
final VE-cadherin distribution. Around 50% of VE-cadherin clustered in the junctions,
resulting in almost complete junctional formation within 7 min. The predominant
mechanism of redistribution is diffusion.
Figure 32. VE-cadherin distribution in the junction formation process with
two cells. (1) free cell on the surface without junctions, (2) cell interacting
with other cell and forming junctions after 7 min. Yellow - clustered
dimers, red - free dimers in the junction area, blue - apical free dimers.
8.3 Discussion
The junction formation process is primarily governed by diffusion and not by
internalization-exocytosis processes. Figure 31 represents the initial and final states of
simulation for 40 min flow. Initial apical dimmers are shown in blue, junctional
clustered proteins in yellow and non-clustered proteins in the junction area in red (1).
The final state after 40 min in (2) shows significant drop in the number of apical
dimers and increase of clustered proteins.
Distribution of VE-cadherin After 7 min
Junction Formation
The same model may be applied to the junction formation by two
independent cells. Figure 32 represents a model prediction for this process. The initial
distribution assumes no clusters and the final distribution (2) shows almost half of all
proteins forming clusters within 7 min.
Chapter 9 VE-Cadherin Knockdown Studies
9.1 Introduction
To establish a direct link between VE-cadherin and cell motility, we supressed
VE-cadherin expression in HUVEC using siRNA against VE-cadherin mRNA. We
observed an increased cell motility in knockdown confluent cells indicating that VE-
cadherins are essential contributors into cell-cell forces and the force necessary to
break them is enough to alter the speed of cell crawling.
For in vitro experiments, the siRNA knockdown technique is more suitable
than developing knockout mice. Some knockouts, such as integrin or cadherin
knockouts are lethal, while others change cell metabolism so that interpretation of the
results becomes difficult. To study proteins that may play a role in
mechanotransduction, we developed a number of siRNA knockout sequences. The
Dharmacon siRNA design program (http://www.dharmacon.com/) was used to predict
the most likely siRNA sequences against Filamin-A, coffilin and VE-cadherin mRNA.
61bp long oligonucleotides were ordered from Invitrogen. These oligonucleotides
were annealed and ligated into pSIREN-RetroQ vector from BD Biosciences (Fig. 33-
35). Sequencing proved that a siRNA insert is present in the vector.
In later experiments, instead of using our own siRNA, we ordered siRNA mix
from Dharmacon and transfecred cells directly with siRNA oligo. The extent of the
suppression was the same for both experiments.
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Figure 33. Principal scheme of siRNA development from BD Bioscience. The sequence
is developed using the Dharmacon program and then annealed to the pSiren-Retro-Q
vector from BD Biosciences. This vector is then replicated in packaging cells.
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Figure 34. pSiren-RetoQ virus map. The siRNA oligo is inserted into the site to the right
and the virus is then replicated in the packaging cells.
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9.2 VE-Cadherin-siRNA Suppression Analysis
In order to verify VE-cadherin expression suppression, we conducted a western
blot assay (Fig. 36) and used immunofluorescence (Fig. 37). Both assays showed
complete suppression of VE-cadherin by siRNA during at least 48 hr after transfection.
r igure 3o. ntu Vet western blot after 24 and 48 hr with
2.5, 5.0, 10.0, 20.0 gl per well
Figure 37. comparison o0 normal (top) and siRINA - transtected cells
(bottom). siRNA transfected cells show no intercellular connections,
while normal cells have prominent intercellular staining.
1 _ _1
9.3 Intercellular Commmunication in VE-cadherin Deficient
Cells
The disruption of adherens junctions is a process that may lead to other
consequences for the cells. One of the possible consequences could be disruption of
the intercellular communication via gap junctions. Lack of intercellular
communication could trigger other processes in the cells that could be responsible for
the change in their behavior instead of the loss of force through AJ.
In order to prove that cells still communicate with each other, we transfected
one well with dye and then mixed the cells with those from the other, non-transfected,
well. Then we looked at the cells that acquired dye through the intercellular
communication. Figure 38 shows normal and transfected cells. Both cultures showed
intercellular communication with 46±15% higher dye transfer in normal cells (data
analyzed for three independent experiments).
Figure 38. Cells maintain gap junctional communications although to a lower level.
Figure (a) shows cross-communication between normal cells and (b) between siRNA-
treated cells. In both cases, cells acquired calcein dye from primary transfected cells.
9.4 Discussion
We conducted a number of experiments with VE-cadherin-null cells. We
established that deficient cells still communicate with each other via gap-junctions and
lose all VE-cadherin. We observed that knockdown cells move on average 25% faster
in confluent monolayer, almost as they do in subconfluent layer. This result proves
that VE-cadherin is responsible for intercellular friction and its lack decreases
intercellular interaction force.
Another important result is that in spite of the adherens junction disruption, the
cells still communicate with each other through chemical signalling, although to a
lower extent. This shows that VE-cadherin disruption still leaves intercellular
communication in place.
Chapter 10 Discussion and Conclusions
10.1 Rapid Crawling Speed Drop
We have observed an important phenomenon - endothelial cells respond to
shear stress within 30 min of flow onset by decreasing their speeds of crawling. By the
sixth hour of flow, cells recover to the initial speed. This later timescale coincides with
earlier studies showing junction dissolution in endothelial cells under flow. Cell speed
drop in response to shear stress was observed for three different cell species: bovine
aortic endothelial cells (BAEC), human umbilical vein endothelial cells (HUVEC) and
mouse heart endothelial cells (MHEC) isolated in our laboratory. In spite of the
difference in the physiology of the originating mammals, the principal response is the
same in all cell types. Minor changes were observed for MHEC whose overall
response: was slower and at a lower magnitude. One of the possible explanations for
that may be that mouse cells are subject to a higher shear stress value in nature and
their response to lower 12 dynes/cm2 shear is slower. This higher rate is due to smaller
ratio of the vessel radius to the fluid velocity. It is important to note that no speed drop
was observed for subconfluent cells. The latter result indicates the potential
involvement of intercellular connections in this process, while suggesting that the role
of focal adhesions (major force-transmission structures) in changing cell speed is quite
limited.
10.2 Molecular Mechanisms Underlying Cell Arrest
Our observations of actin-associated and full fraction of VE-cadherin and
catenins in HUVEC under flow and in no flow conditions revealed redistribution of
the adherens junction proteins under flow from cytoskeleton-associated to free
fraction. While the staining of AJ proteins associated with the cytoskeleton is
punctated under no-flow, it becomes continuous after 30 min of flow onset. This is
true for VE-cadherin and all associated catenins, and thus we conclude that the whole
AJ structure undergoes clustering. We could not make any conclusions regarding the
change in the number of AJ proteins in the junctional area from immunochemistry
results and conducted additional experiments using VE-cadherin-GFP construct. We
observed a rapid 30% increase in the concentration of VE-cadherin in the adherens
junctions after 30 min of flow aplication.
This observation showed that in addition to clustering, the amounts of
junctional proteins are also increasing. While the junctional clustering by itself does
not necessarily mean a force increase, the increase of the number of bonds certainly
indicates a force increase.
In addition to looking at junctional strength, we also analyzed the vesicle
trafficking. We found that no difference occurs in the vesicle trafficking speed with
flow application. Thus, we conclude that junctional upregulation is not due to the
exocytosis of the VE-cadherin molecules stored in the cytoplasmic compartments. We
also found that the average time it takes for the vesicle to deliver VE-cadherins from
Golgi and ER to the edge of the cell is -40 min. Thus, we confirm that during this
timescale no effect of synthesis upregulation due to flow effects is present. From
the previously published papers, we found that the timescale of early response gene
upregulation ranges significantly, with first effects noticed as early as 20 min of flow
onset. Meanwhile, it is still a large time for our experiments and even this change
would not be transmitted to the junctions due to slow vesicle trafficking. This result
was used later in the mathematical model of VE-cadherin dynamics.
10.3 Cell-detachment Assay and Direct Force Observation
While the observation of cell speed drop and junctional proteins concentration
increase and clustering are important indicators of cell-cell interaction strength
increase, they are still indirect proofs. In order to directly show cell-cell interaction
increase, we used a flow detachment assay. Endothelial cells were allowed to attach to
the glass surface coated with recombinant VE-cadherin, and integrin-mediated
adhesions were blocked by GRGFTP sequence addition to the medium. The cells were
then subjected to 15 min of low 0.5 dynes/cm2 shear stress and then by higher
magnitude, detachment shear stress of 2 dynes/cm 2 for detais see Chapter 10. The
percentage of remaining cells was calculated. Our results confirmed that pre-sheared
cells attached to the VE-cadherin layer more strongly than their counterparts in the
control with no pre-shear. This experiment demonstrates an upregulation of the
number of VE-cadherin bonds following fluid shear stress. The difference we observed
was reproducible.
10.4 Mathematical Model of VE-cadherin Dynamics in the
Endothelial Cells
In order to understand better molecular mechanisms underlying redistribution
of VE-cadherins in the endothelial cells under flow, we propose a mathematical model
of cadherin dynamics on the cell surface given the surface diffusion, internalization
and exocytosis.
The model we developed relied on experimental data available on VE-
cadherins and E-cadherins. We simulated dynamics of VE-cadherin following flow
onset by applying "perfect sink" boundary condition. In the simulation, we looked at
trafficking of proteins on the apical membrane and in the cytoplasm due to
internalization and exocytosis. The model predicts a significant increase of the amount
of junctional cadherins as a result and describes the mechanisms of cadherin regulation
that are consistent with the experimental observations.
The increase of VE-cadherin in the junctional area may range significantly
depending on the assumption about the initial distribution there. However, the
numbers we used, obtained from the literature and our experience, indicate that about
70% of the apical dimers will diffuse to the junction area and thus may double the
number of cadherins there. This increase is partly because of the effect of inequality of
endocytosis and exocytosis. This happens because of the change in the apical
distribution of dimers. Due to this process, without any effect of upregulation, there is
a total generation of more than 0.4*106 dimers.
These predictions show that a clustering of junctional dimers caused by flow
onset would result in significant redistribution of VE-cadherins on the cell surface. As
a result of this redistribution, the number of junctional dimers may increase twice
and cause stronger intercellular interactions to slow cell crawling. It is important to
note that not only diffusion of apical dimers is responsible for this increase but also a
previously unknown effect of increase of the VE-cadherin number due to inequality of
endocytosis and exocytosis. This effect has never been observed before because it may
be easily attributed to increased synthesis of cadherins. However, the modyl preicts it
has a significant role in rapid junction formation; the higher the fraction of clusters, the
higher tile relative impact of this effect compared to diffusion.
The model not only allows us to explain the behavior of cells under flow, but it
also gives important information about the junction formation/dissolution process. The
same model is applied to understand the initiation of interaction between two cells like
that in angiogenesis. The model gives important information about timescale and
relative impact of vesicule transport, diffusion and clustering.
10.4 VE-cadherin Knockdown Experiments
Connecting cell motility and VE-cadherin-mediated adhesion is an important
step in my hypothesis and in order to directly proove this link, I developed an siRNA
to block VE-cadherin in the endothelial cells. The VE-cadherin deficient cells show
similar morphology to normal cells, close wounds in a standard wound edge assay and
even continue to communicate with each other through intercellular gap-junctions. As
one may expect from the above data, the knockdown cells lacking intercellular
'friction' crawl 25% faster in the confluent monolayer than normal cells. Thus, we
prove that lack of VE-cadherin-mediated force does allow cells to crawl faster.
References
Albuquerque, M.L., and A.S. Flozak. 2002. Wound closure in sheared endothelial cells
is enhanced by modulation of vascular endothelial-cadherin expression and
localization. Exp Biol Med (Maywood) 227(11): 1006-1016.
Anderson, T.J. 2003. Nitric oxide, atherosclerosis and the clinical relevance of
endothelial dysfunction. Heart Fail Rev 8(1):71-86.
Baumgartner, W., and D. Drenckhahn. 2002. Plasmalemmal concentration and affinity
of mouse vascular endothelial cadherin, VE-cadherin. Eur Biophys J
3; 1(7):532-538.
Baumgartner, W., P. Hinterdorfer, W. Ness, A. Raab, D. Vestweber, H. Schindler, and
1). Drenckhahn. 2000. Cadherin interaction probed by atomic force
microscopy. Proc Natl Acad Sci USA 97(8):4005-4010.
Blagoveshchenskaya, A.D., M.J. Hannah, S. Allen, and D.F. Cutler. 2002. Selective
and signal-dependent recruitment of membrane proteins to secretory granules
formed by heterologously expressed von Willebrand factor. Mol Biol Cell
13(5):1582-1593.
Cavallaro, U., S. Liebner, and E. Dejana. 2006. Endothelial cadherins and tumor
angiogenesis. Exp Cell Res 312(5):659-667.
Dewey, C.F., Jr. 1984. Effects of fluid flow on living vascular cells. J Biomech Eng
106(1):31-35.
Dewey, C.F., Jr., P.F. Davies, and M.A. Gimbrone, Jr. 1987. Turbulence,
Disturbed Flow, and Vascular Endothelium. Proceedings of the International
,Symposium, Hyogo.
Fisher, A.B., S. Chien, A.I. Barakat, and R.M. Nerem. 2001. Endothelial cellular
response to altered shear stress. Am J Physiol Lung Cell Mol Physiol
281(3):L529-533.
Ghazi, A., C. Berrier, B. Ajouz, and M. Besnard. 1998. Mechanosensitive ion channels
and their mode of activation. Biochimie 80(5-6):357-362.
Gimbrone, M.A., Jr. 1989. Endothelial dysfunction and atherosclerosis. J Card Surg
4(2):180-183.
Girard, P.R., and R.M. Nerem. 1995. Shear stress modulates endothelial cell
morphology and F-actin organization through the regulation of focal adhesion-
associated proteins. J Cell Physiol 163(1):179-193.
Han, J., S. Liu, D.M. Rose, D.D. Schlaepfer, H. McDonald, and M.H. Ginsberg. 2001.
Phosphorylation of the integrin alpha 4 cytoplasmic domain regulates paxillin
binding. JBiol Chem 276(44):40903-40909.
Hayashi, T., and R.W. Carthew. 2004. Surface mechanics mediate pattern formation in
the developing retina. Nature 431(7009):647-652.
Helmlinger, G., B.C. Berk, and R.M. Nerem. 1995. Calcium responses of endothelial
cell monolayers subjected to pulsatile and steady laminar flow differ. Am J
.Physiol 269(2 Pt 1):C367-375.
Jo, H., K. Sipos, Y.-M. Go, R. Law, J. Rong, andJ.M. McDonald. 1997. Differential
Effect of Shear Stress on Extracellular Signal-regulated Kinase and N-terminal
Jun Kinase in Endothelial Cells. Gi2- AND Gbeta /gamma -DEPENDENT
SIGNALING PATHWAYS. J. Biol. Chem. 272(2):1395-1401.
Ko, K.S., P.D. Arora, and C.A. McCulloch. 2001. Cadherins mediate intercellular
mechanical signaling in fibroblasts by activation of stretch-sensitive calcium-
permeable channels. JBiol Chem 276(38):35967-35977.
Lampugnani, M.G., M. Resnati, M. Raiteri, R. Pigott, A. Pisacane, G. Houen, L.P.
Ruco, and E. Dejana. 1992. A novel endothelial-specific membrane protein is a
marker of cell-cell contacts. J Cell Biol 118(6): 1511-1522.
Lan, Q., K.O. Mercurius, and P.F. Davies. 1994. Stimulation of transcription factors
NF kappa B and API in endothelial cells subjected to shear stress. Biochem
Biophys Res Commun 201(2):950-956.
Le, T.L., S.R. Joseph, A.S. Yap, and J.L. Stow. 2002. Protein kinase C regulates
endocytosis and recycling of E-cadherin. Am J Physiol Cell Physiol
283(2):C489-499.
Le, T.L., A.S. Yap, and J.L. Stow. 1999. Recycling of E-Cadherin: A Potential
Mechanism for Regulating Cadherin Dynamics. J Cell Biol. 146(1):219-232.
Lim, Y.C., G. Garcia-Cardena, J.R. Allport, M. Zervoglos, A.J. Connolly, M.A.
Gimbrone, Jr., and F.W. Luscinskas. 2003. Heterogeneity of endothelial cells
from different organ sites in T-cell subset recruitment. Am J Pathol
162(5):1591-1601.
Lodish, H., P. Matsudaira, A. Berk, S.L. Zipursky, D. Baltimore, and J. Darnell. 2001.
Cell-Matrix Adhesion. Molecular Cell Biology (book).
Louvet-Vallee, S. 2000. ERM proteins: from cellular architecture to cell signaling.
Biol Cell 92(5):305-316.
Luscinskas, F.W., S. Ma, A. Nusrat, C.A. Parkos, and S.K. Shaw. 2002. Leukocyte
transendothelial migration: a junctional affair. Semin Immunol 14(2): 105-113.
Malek, A.M., and S. Izumo. 1995. Control of endothelial cell gene expression by
flow. JBiomech 28(12):1515-1528.
McGrath, J.L., J.H. Hartwig, Y. Tardy, and C.F. Dewey, Jr. 1998. Measuring actin
dynamics in endothelial cells. Microsc Res Tech 43(5):385-394.
McGrath, J.L., E.A. Osborn, Y.S. Tardy, C.F. Dewey, Jr., and J.H. Hartwig. 2000.
Regulation of the actin cycle in vivo by actin filament severing. PNAS
97(12):6532-6537.
Miao, H., Y.L. Hu, Y.T. Shiu, S. Yuan, Y. Zhao, R. Kaunas, Y. Wang, G. Jin, S.
Usami, and S. Chien. 2005. Effects of flow patterns on the localization and
expression of VE-cadherin at vascular endothelial cell junctions: in vivo and in
vitro investigations. J Vasc Res 42(1):77-89.
Nagel, T., N. Resnick, C.F. Dewey, Jr., and M.A. Gimbrone, Jr. 1999. Vascular
endothelial cells respond to spatial gradients in fluid shear stress by enhanced
activation of transcription factors. Arterioscler Thromb Vasc Biol 19(8):1825-
1834.
Nerem, R.M., M.J. Levesque, and J.F. Cornhill. 1981. Vascular endothelial
morphology as an indicator of the pattern of blood flow. J Biomech Eng
103(3):172-176.
Noria, S., D.B. Cowan, A.I. Gotlieb, and B.L. Langille. 1999. Transient and steady-
state effects of shear stress on endothelial cell adherens junctions. Circ Res
85(6):504-514.
Osborn, E.A., A. Rabodzey, C.F. Dewey, Jr., and J.H. Hartwig. 2006. Endothelial
actin cytoskeleton remodeling during mechanostimulation with fluid shear
stress. Am JPhysiol Cell Physiol 290(2):C444-452.
Park, H., Y.-M. Go, P.L.S. John, M.C. Maland, M.P. Lisanti, D.R. Abrahamson,
and H. Jo. 1998. Plasma Membrane Cholesterol Is a Key Molecule in Shear
Stress-dependent Activation of Extracellular Signal-regulated Kinase. J. Biol.
Chem. 273(48):32304-32311.
Phelps, J.E., and N. DePaola. 2000. Spatial variations in endothelial barrier function in
disturbed flows in vitro. Am JPhysiol Heart Circ Physiol 278(2):H469-476.
Rabodzey , A. 2003. Mouse Endothelial Cells as a Model for Fluid Flow Response
Studies. Master Thesis In Biological Engineering Division. MIT, Cambridge.
69.
Ridley, A.J., M.A. Schwartz, K. Burridge, R.A. Firtel, M.H. Ginsberg, G. Borisy, J.T.
Parsons, and A.R. Horwitz. 2003. Cell migration: integrating signals from front
to back. Science 302(5651):1704-1709.
Rizzo, V., A. Sung, P. Oh, and J.E. Schnitzer. 1998. Rapid mechanotransduction in
situ at the luminal cell surface of vascular endothelium and its caveolae. J Biol
Chem 273(41):26323-26329.
Russell, F.D., J.N. Skepper, and A.P. Davenport. 1998. Human endothelial cell storage
granules: a novel intracellular site for isoforms of the endothelin-converting
enzyme. Circ Res 83(3):314-321.
Schnittler, H.J. 1998. Structural and functional aspects of intercellular junctions in
vascular endothelium. Basic Res Cardiol 93 Suppl-3:30-39.
Schnittler, H.J., B. Puschel, and D. Drenckhahn. 1997. Role of cadherins and
plakoglobin in interendothelial adhesion under resting conditions and shear
stress. Am JPhysiol 273(5 Pt 2):H2396-2405.
Seebach, J., P. Dieterich, F. Luo, H. Schillers, D. Vestweber, H. Oberleithner,
H.J. Galla, and H.J. Schnittler. 2000. Endothelial barrier function under laminar
fluid shear stress. Lab Invest 80(12):1819-1831.
Semino, C.E., R.D. Kamm, and D.A. Lauffenburger. 2006. Autocrine EGF receptor
activation mediates endothelial cell migration and vascular morphogenesis
induced by VEGF under interstitial flow. Exp Cell Res 312(3):289-298.
Shaw, S.K., P.S. Bamba, B.N. Perkins, and F.W. Luscinskas. 2001. Real-Time
Imaging of Vascular Endothelial-Cadherin During Leukocyte Transmigration
Across Endothelium. Jlmmunol 167(4):2323-2330.
Shay-Salit, A., M. Shushy, E. Wolfovitz, H. Yahav, F. Breviario, E. Dejana, and N.
Resnick. 2002. VEGF receptor 2 and the adherens junction as a mechanical
transducer in vascular endothelial cells. Proc Natl Acad Sci US A 99(14):9462-
9467.
Shen, J., F.W. Luscinskas, A. Connolly, C.F. Dewey, Jr., and M.A. Gimbrone, Jr.
1992. Fluid shear stress modulates cytosolic free calcium in vascular
endothelial cells. Am JPhysiol 262(2 Pt 1):C384-390.
Shyy, J.Y., andS . Chien. 1997. Role of integrins in cellular responses to mechanical
stress and adhesion. Curr Opin Cell Biol 9(5):707-713.
Stamatas, G.N., and L.V. McIntire. 2001. Rapid flow-induced responses in endothelial
cells. Biotechnol Prog 17(3):383-402.
Tardy, Y., N. Resnick, T. Nagel, M.A. Gimbrone, Jr, and C.F. Dewey, Jr. 1997. Shear
Stress Gradients Remodel Endothelial Monolayers in Vitro via a Cell
Proliferation-Migration-Loss Cycle. 17(11):3102-3106.
Traub, 0., and B.C. Berk. 1998. Laminar Shear Stress : Mechanisms by Which
Endothelial Cells Transduce an Atheroprotective Force. 18(5):677-685.
Troxell, M.L., Y.-T. Chen, N. Cobb, W.J. Nelson, and J.A. Marrs. 1999.
Cadherin function in junctional complex rearrangement and posttranslational
control of cadherin expression. Am JPhysiol Cell Physiol 276(2):C404-418.
Ukropec, J.A., M.K. Hollinger, and M.J. Woolkalis. 2002. Regulation of VE-cadherin
linkage to the cytoskeleton in endothelial cells exposed to fluid shear stress.
Exp Cell Res 273(2):240-247.
Underwood, P.A., P.A. Bean, and J.R. Gamble. 2002. Rate of endothelial expansion is
controlled by cell:cell adhesion. Int JBiochem Cell Biol 34(1):55-69.
Xiao, K., D.F. Allison, M.D. Kottke, S. Summers, G.P. Sorescu, V. Faundez, and A.P.
Kowalczyk. 2003. Mechanisms of VE-cadherin Processing and Degradation in
Microvascular Endothelial Cells. J Biol. Chem. 278(21):19199-19208.
Yamada, S., S. Pokutta, F. Drees, W.I. Weis, and W.J. Nelson. 2005. Deconstructing
the cadherin-catenin-actin complex. Cell 123(5):889-901.
Yamamoto, K., V. de Waard, C. Fearns, and D.J. Loskutoff. 1998. Tissue distribution
and regulation of murine von Willebrand factor gene expression in vivo. Blood
92(8):2791-2801.
Yang, L., R.M. Froio, T.E. Sciuto, A.M. Dvorak, R. Alon, and F.W. Luscinskas. 2005.
ICAM-1 regulates neutrophil adhesion and transcellular migration of TNF-
alpha-activated vascular endothelium under flow. Blood 106(2):584-592.
Yap, A.S., C.M. Niessen, and B.M. Gumbiner. 1998. The juxtamembrane region of the
cadherin cytoplasmic tail supports lateral clustering, adhesive strengthening,
and interaction with pl20ctn. J Cell Biol 141(3):779-789.
Appendix
VE-cadherin Role in the Vessel Development
1. Intercellular Forces and Development
Forces exerted by cells on each other play an important role in the processes of
organ development and embrionic development (Hayashi and Carthew, 2004). These
forces are primarily transmitted through adherens junctions VE-cadherins. The exact
role of the intercellular forces in the development process is not yet well understood.
2. Cadherins Role in Angiogenesis
Vessel development, angiogenesis, is one of the most important applications of
organ development. VE-cadherins play an important role in the process of vessel
formation as they have to transmit force that allows cells to arrange cells in a 3D
structure. The role of VE-cadherins in vessel development has not been studied well
yet, but some experiments with VE-cadherin blocking antibodies have been conducted
by E. Dejana's group (Cavallaro et al., 2006). Their experiment showed that blocking
VE-cadherin in vitro arrests angiogenesis.
In our study, we decided to look at the role of VE-cadherins in the vessel
development using another in vitro model for angiogenesis developed by C. Semino
(Semino et al., 2006). The major difference between our experimental setup and
that of the E. Dejana's group is that instead of seeding cells in a sandwich-like manner
and observing vessel formation, we seeded cells on the surface of collagen gel and
induced vessel formation by flow application. Both of those models have some of the
features of real vessel formation in vivo, but one should keep in mind that they are not
the actual system and experimental results may not necessarily be directly
transferrable.
3. Experimental Results
3.1 Experimental Setup
Our hypothesis is that such a process must require the presence of intercellular
connections in order for the cells to exert forces directing their motion. Such force may
be easily blocked by siRNA knockdown.
In order to test our hypothesis we used an in vitro experimental system
developed by Carlos Semino (Semino et al., 2006). This system consists of an
endothelial cell monolayer seeded on the collagen gel. VEGF and vertical flow are
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Figure 39. Model for capillary morphogenesis where cell proliferation and cell migration
are involved but controlled by two independent mechanisms. Cell proliferation is
exclusively restricted at the endothelial monolayer (green cells), and cell migration is the
driving force during capillary morphogenesis regulated by the EGFR pathway.
necessary to initiate vessel formation in the system (See Fig. 39).
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3.2 Intercellular Communication Verification
VE-cadherin-null cells lack adherens junctions as we already showed above,
but adherens junctions are not the only source of intercellular communication. Cells
may also communicate chemical signals through gap junctions. In order to verify that
knockdown cells are still capable of communicating we looked at the whole-cell
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Figure 40. BrdU incorporation at the monolayer but not at the extending
capillary-like structures. HUVEC monolayers were incubated for 24 h in
the presence of VEGF and interstitial flow. Then, BrdU was added to the
system and cultured for another 24 h. (A and B) Phase contrast of an early
extending capillary structure (constituted by two cells) and a more
progressed one (constituted by many cells), respectively. (C and D) Same
optical layers of A and B, respectively, stained for F-actin (Rhodamine-
phalloidin, red) and nuclei (DAPI, blue). (E and F) Same optical layers of A
and B, respectively, stained for BrdU (BrdU immunostaining, green). Note
that BrdU+ nuclei in E and F can be observed exclusively at the monolayer
far from the capillary structure. Representative samples from 24 different
samples obtained in three independent experiments.
staining transfer between knockdown cells. Figure 38 shows the results of such an
experiment: both normal and knockdown cells communicate with each other, although
VE-cadherin-null cells transfer fewer molecules than normal cells as one would
expect. This experiment verifies that siRNA knockdown does not disrupt intercellular
communication and excludes its possible role in a vessel formation experiment.
3.2 VE-cadherin-null Cells Lack the Ability to Form Vessels
Previous experiments showed that normal HUVEC cells form vessels under
flow in our in vitro system (see Fig. 40). However siRNA-treated cultures failed to
develop vessels.
